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DOI: 10.1039/c1nr10860cThe possibility for the switch-over of the growth mode from a continuous network to unidirectional
arrays of well-separated, self-organized, vertically oriented graphene nanosheets has been
demonstrated using a unique, yet simple plasma-based approach. The process enables highly
reproducible, catalyst-free synthesis of arrays of graphene nanosheets with reactive open graphitic
edges facing upwards. Effective control over the nanosheet length, number density, and the degree of
alignment along the electric field direction is achieved by a simple variation of the substrate bias. These
results are of interest for environment-friendly fabrication of next-generation nanodevices based on
three-dimensional, ordered self-organized nanoarrays of active nanostructures with very large surface
areas and aspect ratios, highly reactive edges, and controlled density on the substrate. Our simple and
versatile plasma-based approach paves the way for direct integration of such nanoarrays directly into
the Si-based nanodevice platform.1. Introduction
Graphene-based nanostructures show exceptional electronic,
mechanical, and chemical properties, and offer an outstanding
potential in a diverse range of advanced nanodevice applica-
tions.1 These properties critically depend on the number of gra-
phene sheets, nanostructure orientation with respect to the
substrate, and the presence of catalyst. Indeed, by varying the
number of horizontally stacked graphene sheets, one can achieve
the properties ranging from the single-layer graphene to thin-film
graphitic materials.
Vertical alignment of graphene-based nanostructures such as
graphene nanoribbons, carbon nanowalls, and graphene nano-
sheets offers additional benefits for high-performance applica-
tions that require very high surface-to-volume ratios per
substrate area, excellent electrical conductivity, and also a high
density of reactive sites.2–7 Reactive open graphitic edges of
vertically aligned graphene nanosheets (GNSs) with very high
aspect (height and length to thickness) ratios are crucial for the
precise detection of chemical and biological species, as well as
for charge storage and exchange in supercapacitors and fuel
cells.8–11 This is why effective control of the dimensions, orien-
tation, structure and arrangement in three-dimensional arrays
of the vertically aligned GNSs with upright active graphitic
edges represents an excellent opportunity for the integration ofaPlasma Nanoscience Centre Australia (PNCA), CSIRO Materials
Science and Engineering, P.O. Box 218, Lindfield, New South Wales,
2070, Australia. E-mail: Kostya.Ostrikov@csiro.au; Fax: +61-2-
94137200; Tel: +61-2-94137634
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of Sydney, New South Wales, 2006, Australia
4296 | Nanoscale, 2011, 3, 4296–4300graphene-based nanostructures into the advanced Si-based
nanodevice platform.
However, such control presently remains elusive, essentially
because of intrinsic difficulties to guide the nucleation, growth and
self-organization of GNSs into desired nano-arrays. Despite
several reports on GNS synthesis,2,4,12–17 a number of critical
issues remain open. First, the GNSs usually form networks of
entangled and twisted nanostructures, very similar to carbon
nanowalls and graphene nanoribbons. Second, this leads to very
randomorientation of the nanosheets and their reactive edges in 3
dimensions. Third, sophisticated nanofabrication steps such as
the formation of catalyst arrays, template-assisted etching,
pattern transfer using membranes, liquid crystal precursors,
chemical exfoliation, graphene flake separation, and several other
processes are commonly required.12–18 Fourth, it is not presently
known how to achieve and control the density and two-dimen-
sional alignment of the GNSs on the substrate plane by simple
process controls on the same substrate, with the same pre-fabri-
cated pattern. Fifth, the above four issues need to be solved while
minimizing the nanosheet thickness and simultaneously main-
taining their very high aspect ratios andmaximizing the lengths of
the open reactive graphitic edges. Sixth, process reproducibility,
simplicity and cost-efficiency also remain significant issues.All the
above issues are particularly critical for applications of graphene
nanosheets in next-generation electron emission, bio-recognition
and drug/gene/protein delivery systems and devices.
Here, we report on the production of unidirectional arrays of
few-layer vertically standing GNSs on a nano-textured Si
substrate using a simple low-temperature plasma-based process
at surface temperatures as low as 500 C.19,20 High-Resolution
Transmission Electron Microscopy (HRTEM) also shows that
these GNSs feature reactive open graphitic edges. We alsoThis journal is ª The Royal Society of Chemistry 2011
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View Article Onlinedemonstrate the possibility of effective control over the GNS
alignment within the arrays, as well as their lengths and number
densities by a simple DC electric biasing of the substrate. These
results are highly reproducible, which offer excellent opportu-
nities for the design and fabrication of various advanced func-
tional nanodevices based on three-dimensional graphene
nanosheet architectures.2. Experimental
The deposition processes of GNSs in our experiments were
conducted using an inductively coupled plasma (ICP) Chemical
Vapour Deposition (CVD) reactor, the schematic diagram of
which is shown in Fig. 1(a). Fig. 1(b) shows the plasma-substrate
configuration where the low-temperature plasma is in a direct
contact (samples were immersed in the plasma) with the substrate
surface. We emphasize that remote plasma processing and
a purely thermal CVD did not produce the GNSs. Catalyst-free
Si wafers with pre-fabricated fairly uniform silicon nanocone
(SiNC) arrays21,22 as nanoscale surface texture were used as the
substrates, see Fig. 1(c). The nanocones were typically 600 to
900 nm in length, 40–100 nm in base width and featured sharp
tips in the 2–8 nm range.
These SiNC arrays were fabricated through a simple exposure
to hydrogen plasmas and without using any masks, templates, or
pattern delineation. These arrays were prepared using a reactive
H-plasma etching process in an ICP-CVD reactor (13.56 MHz).Fig. 1 (a) Schematic of the inductively coupled plasma CVD system and (b) th
on a nanostructured silicon substrate, (c) a high-resolution SEM image showin
the deposition process, and (d) top view of well-separated arrays of as-grownG
SEM images of GNSs (e) from a top view and (f) from a tilt-angle view reve
arrow shows no GNS growth across the gaps wider than 30 nm between th
from a rectangular area in panel (e) shows two dominant peaks, namely the gra
the D-peak at 1353 cm1. The full width at half maximum of the 2D-peak is
This journal is ª The Royal Society of Chemistry 2011The reactor chamber was conditioned using CF4 + O2 plasmas.
After loading the Si (100) wafer into the reactor chamber, the
chamber was pumped down to 7  103 Pa and the wafer was
heated up to 400 C, then H2 gas was fed into the chamber to
generate the plasma at the chamber pressure of 4.0 Pa. The
H-plasma process was carried out for 120 min at the RF power
and the substrate bias of 550 W and 280 V, respectively to
produce the SiNCs on the Si substrate surface. Further details of
the process can be found elsewhere.23
During the second step for the deposition of GNSs, the SiNC
substrate was loaded in the reactor chamber to allow the
substrate to be in direct contact with the plasma (as shown in
Fig. 1(b)), then the chamber was pumped down to 9.8  104 Pa.
N2 gas was fed into the chamber to generate the plasma at the
chamber pressure and the RF power of 4.0 Pa and 400 W,
respectively. After 3 min of the nitrogen plasma-based process,
20% CH4 with N2 was fed into the chamber for deposition of
GNS at an increased chamber pressure and the RF power of 10.0
Pa and 800 W, respectively. During the plasma process, the
substrate was negatively biased with 0, 50, 100, or 150 V DC. No
external substrate heating was used in this process. The deposi-
tion of GNSs was conducted for 10 min. The morphology and
microstructure of the GNS samples were characterized using
scanning electron microscopy (SEM, Zeiss Ultra Plus), the
Renishaw inVia confocal micro-Raman spectroscopy (514 nm
laser source), and TEM/HRTEM (JEOL3000F, 300 kV accel-
erating voltage).e plasma-in-contact-with-substrate configuration for deposition of GNSs
g a tilt-angle view of pre-fabricated SiNCs on the substrate surface before
NSs which are aligned towards the edge of the substrate. High-resolution
al the vertical orientation of GNSs deposited on the tips of SiNCs; a red
e adjacent SiNCs. (g) The Raman spectrum collected from a single GNS
phitic G-peak at 1585 cm1 and the 2D-peak at 2704 cm1, and also shows
57 cm1.
Nanoscale, 2011, 3, 4296–4300 | 4297
Fig. 2 TEM images of GNSs. (a) Low-resolution image of a GNS
scratched off the substrate. The high-resolution images were taken at
arrow marks 1 and 2 in panel (a), and show graphitic planes with (b) 4
and (c) 8 graphene layers, respectively. (d) The inter-plane distance
between two graphitic planes is 0.34 nm. (f) The high-resolution TEM
image taken at arrow mark 3 (in panel (a)) reveals several open graphitic
edges of the nanosheets.
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View Article Online3. Results and discussion
Fig. 1(d) shows a top-view SEM image of as-deposited arrays of
vertically standing GNSs on the nano-textured SiNC substrate.
One can clearly see that the graphene nanosheets are well-sepa-
rated from each other. The separation gaps typically vary fromFig. 3 Panels (a), (b), (c) and (d) show the SEM images of the GNS arrays dep
The corresponding insets show the FFT images which quantify the alignmen
arrowmark. (e) The graph for the alignment factors of the GNS arrays shows t
that the average length of GNSs decreases while the number density of GNS
4298 | Nanoscale, 2011, 3, 4296–4300300 nm to 5 mm in the direction of the substrate edge (marked by
a vertical arrow in Fig. 1(d)). The alignment of each GNS is in
the direction perpendicular to the substrate edge as confirmed in
Fig. 1(e) which shows a close top-view of well-separated GNSs.
An angle-view (Fig. 1(f)) shows the vertical orientation of the
GNSs with respect to the substrate surface more clearly.
An interesting observation is that the GNSs nucleate and grow
on the SiNC tips, usually on longer and sharper nanocones. This
may be related to the effects of microscopic electric fields in the
vicinity of sharp nanostructure tips exposed to the plasma. This
is why ion-assisted surface heating and activation6,24 of the tips of
longer nanocones is more effective. Moreover, fast and focused
delivery of carbon-bearing species from the plasma facilitates
nucleation of GNSs on the tips of longer nanocones. The growth
of GNSs also proceeds in the horizontal direction over many
nanocones and is determined by the separation gaps between the
nanocones. It could be noted that the GNS growth is confined
between the nanocones when the gaps are less than 30 nm (a red
arrow in Fig. 1(f) shows no growth of GNSs across the gaps
wider than30 nm). The average horizontal (length) and vertical
(height) dimensions of a single GNS are approximately 5 and 1
mm, respectively.
The Raman spectroscopy was used for investigating the
structure of the as-deposited GNSs. Fig. 1(g) shows the Raman
spectrum of a single GNS (rectangular area in Fig. 1(e)) at room
temperature. The spectrum shows two intense Raman peaks,
a sharp graphitic G-peak (1585 cm1) and a second-order 2D-
peak (2704 cm1). The G-peak is associated with the first-order
Raman scattering by the doubly degenerate E2g phonon mode at
the Brillouin zone centre, while the 2D-peak corresponds to the
second-order phonon scattering at the zone boundary. The
relative intensity of the 2D-peak with respect to the G-peak
(I2D/IG) along with the shape of the 2D-peak is also an indicationosited at the negative substrate bias of 0, 50, 100, and 150 V, respectively.
t of GNS arrays in the direction (towards the sample edge) shown by an
he strongest alignment for the substrate bias of 50 V. (f) The graph reveals
increases as the substrate bias increases.
This journal is ª The Royal Society of Chemistry 2011
Fig. 4 A schematic showing the growth of aligned GNS near the SiNC
substrate-edge (S-edge) in a low-temperature plasma-based process. (a)
The tiny tips of SiNCs act as the nucleation centres for the growth of
GNSs in the presence of carbon species (C-species). The microscopic
plasma electric field E determines the preferential growth direction of the
GNSs (b). The graphene nanosheets are aligned along the electric field
direction E and face towards the substrate edge (S-edge).
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View Article Onlineof the number of graphene layers; this ratio usually increases
with the number of graphene layers.25 The intensity ratio I2D/IG
varied from 0.7 to 0.8 whereas the full width at half maximum
(FWHM) of 2D-peak varied between 57 and 60 cm1, which
confirms the formation of approximately 2 to 6 graphene
layers.26 A low-intensity, disorder-related D-peak (1353 cm1)
was also observed in the spectra. This peak most likely originated
due to the open graphitic edges in graphene layers.27
Further investigations of the GNSs were performed using
Transmission Electron Microscopy. The GNSs were directly
scratched off from the as-grown sample to the TEM grid without
using any solution-based dispersion method. Fig. 2(a) shows
a representative low-resolution TEM image of a graphene nano-
sheet. The arrow mark 1 points on the thin GNS flake whose
thickness is only approximately 4–5 graphene layers as confirmed
by the high-resolution TEM imaging (Fig. 2(b)). The GNS
thickness at the location pointed by the arrow mark 2 is approx-
imately 8–9 graphene layers (Fig. 2(c)). The distance between two
graphene layers was found to be 0.34 nm, as shown in Fig. 2(d).
The presence of open graphitic edges is one of the unique features
of the vertically oriented GNSs. The HRTEM image in Fig. 2(e)
shows a few of the open graphitic edges of a nanosheet (indicated
by white arrows). As mentioned above, these highly reactive sites
are of a high demand for many advanced applications.5Thus, our
investigations revealed the possibility of plasma-enabled, catalyst-
free growth of free-standing, well-separated arrays of a few-layer
thin vertically oriented GNSs which have reactive open graphitic
edges facing upwards from the substrate surface. This process is
environment-friendly as no toxic, reactive chemicals or gases are
used and the synthesis is dry and is free of wet chemistry and the
associated waste disposal.
It is noteworthy that the tiny (a few nm across) tips of the
SiNCs provide the nucleation centres for the growth of vertically
oriented GNSs, whereas the microscopic electric field in the
vicinity of the nanostructured surface provides the preferential
growth direction. Thus, by adjusting the size of the tips of the
silicon nanocones one can control the graphene nanosheet
nucleation. On the other hand, by varying the electric field (e.g.,
by changing the plasma parameters or biasing the substrate
stage), it becomes possible to control the alignment of individual
graphene nanosheets within the arrays. This is why we have also
studied the alignment of the GNSs with respect to the (negative)
substrate bias of 0, 50, 100, and 150 V. The SEM images of as-
deposited GNSs at the substrate bias of 0, 50, 100, and 150 V are
shown in Fig. 3(a)–(d), respectively.
The alignment of the GNS arrays was evaluated using Fast
Fourier Transform (FFT) analysis of the SEM images. The
alignment factor was defined as the ratio of themajor to theminor
axis of the FFT image. The corresponding FFT images shown in
the insets were obtained in the direction of alignment (direction
towards the sample edge) as indicated by an arrow in Fig. 3.
Without any substrate bias, theGNSs are connected to each other
and form a continuous network. As the substrate bias increases,
the GNSs become well-separated from each other. More impor-
tantly, they become prominently aligned in the direction perpen-
dicular to the substrate edge. The dependence of the alignment
factor on the applied DC bias (Fig. 3(e)) suggests that there is
almost no alignment of GNSs on unbiased substrates; this factor
increased in almost 2.5 times when the substrate bias was 50 V. AThis journal is ª The Royal Society of Chemistry 2011further increase in the substrate bias caused a slight misalignment
of the GNS arrays. Furthermore, the variation of the surface
biasing conditions also significantly affected the length and the
number density of GNSs. Graphs in Fig. 3(f) show that the
average length of GNSs decreased and the number density of
GNSs increased as the substrate bias was increased from 50 to
150 V during the deposition process.
To explain this observation we note that the SiNC substrates
used for the experimentweremadeof undoped (intrinsic) Si and as
such responded to the electric field as a dielectric material.
Therefore, the direction of the microscopic electric field in the
vicinity of the SiNCs is towards the substrate edge (which is shown
inFig. 4).Without the substrate bias, carbon-bearing ionic species
have a low energy and collide with the nanocones at a grazingNanoscale, 2011, 3, 4296–4300 | 4299
Pu
bl
ish
ed
 o
n 
15
 S
ep
te
m
be
r 2
01
1.
 D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 10
/07
/20
14
 04
:48
:28
. 
View Article Onlineangle in fairly random directions.28,29 In this case, there is no
preferential direction in the ion-assisted heating and activation of
the tips of the nanocones; this is why the graphene nanosheets
nucleate randomly on the SiNC tips.
When the strength of the electric field increases, the focusing
effect of the plasma-produced ions becomes stronger; this in turn
creates more stress-induced nucleation spots on the upper
sections of the nanocones; the delivery of the precursor species
along the substrate also becomes more aligned towards the
substrate edge, where the electric field is directed.30 As a result,
the GNS growth also follows the direction of the electric field.
This effect is quite similar to the commonly observed nano-
structure alignment along the direction of the electric field in the
plasma sheath.31As the bias further increases, so does the vertical
component of the electric field, which drives the ions in a more
and more downward direction. This results in a more uniform
distribution of ion impact points32 and, hence, more randomness
in the graphene nanosheet nucleation spots and growth
orientations.
4. Conclusion
This unique, yet simple plasma-controlled approach demon-
strates the possibility for highly reproducible, catalyst-free
nanofabrication of arrays of vertically oriented GNS arrays. The
process enables the switch-over of the GNS growth mode from
the continuous-network pattern to unidirectional arrays of well-
separated graphene nanosheets. The GNSs also feature reactive
open graphitic edges facing upwards. We have also demonstrated
effective control over the GNS length, number density, and the
degree of alignment in the electric field direction by a simple
variation of the substrate bias.
These results are of particular interest for the environment-
friendly, energy-efficient, and low-cost fabrication of next-
generation nanodevices based on three-dimensional, ordered
self-organized nanoarrays of active nanostructures with very
large surface areas and aspect ratios, highly reactive spots (e.g.,
edges), and controlled density on the substrate. More impor-
tantly, this simple and versatile plasma-based synthesis has an
outstanding potential to enable direct integration of nanoarrays
of vertical graphenes directly into the presently dominant silicon-
based nanodevice platform.
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